12 United States Patent

US009887673B2

(10) Patent No.: US 9.887.678 B2

Masnadi Shirazi Nejad et al. 45) Date of Patent: Feb. 6, 2018
(54) LINEAR LOW NOISE AMPLIFIER USPC e 330/2778
See application file for complete search history.
(71) Applicant: QUALCOMM Incorporated, San
Diego, CA (US) (56) References Cited
(72) Inventors: Amir Hossein Masnadi Shirazi Nejad, U.S. PATENT DOCUMENTS
Vancouver (CA); Mazhareddin
Taghivand, Campbell, CA (US); Seyed 975,848 B2 122005 Rawilns ot ol
Hossein Miri Lavasani, Santa Clara, 7,088,187 BI 8/2006 Jin et al.
CA (US); Mohammad Emadi, San 7,332,963 B2 2/2008 Pelleriti
Jose, CA (US) 8,102,209 B2 1/20_}2 Jang et al.
8,639,193 B2 1/2014 Lee et al.
(73) Assignee: QUALCOMM Incorporated, San %82?8?;23;% i %ggg g;lioeftala‘l'
Diego, CA (US) 2014/0184334 Al 7/2014 Nobbe et al.
( *) Notice: Subject. to any disclaimer,. the term of this OTHER PURI ICATIONS
patent 1s extended or adjusted under 35
U.S.C. 1534(b) by 0 days. Hsieh HH., et al., “Design of Ultra-Low-Voltage RF Frontends With
Complementary Current-Reused Architectures”, IEEE Transactions
(21) Appl. No.: 15/174,856 on Microwave Theory and Techniques, IEEE Service Center,
Piscataway, NI, US, vol. 55, No. 7, Jul. 7, 2007 (Jul. 7, 2007), pp.
(22) Filed: Jun. 6, 2016 1445-1458, XPO11187189, ISSN: 0018-9480, DOI:10.1109/TM'TT.
2007.900208,
(65) Prior Publication Data (Continued)
US 2017/0179896 Al Jun. 22, 2017
o Primary Examiner — Patricia T Nguyen
Related U.5. Application Data (74) Attorney, Agent, or Firm — Paradice and L1
(60) Provisional application No. 62/271,143, filed on Dec. LLP/Qualcomm
22, 2015.
(37) ABSTRACT
(1) Int. Cl. H A linear low noise amplifier 1s disclosed. In at least one
HO3G 1/00 (2006'0;) exemplary embodiment, the linear low noise amplifier may
HO3F 3/193 (2006'();*) include a first metal oxide semiconductor field eflect tran-
HO4W 84/12 (2009.01) sistor (MOSFET) configured to operate in a triode mode
(52) US. ClL coupled to a second MOSFFET configured to operate 1n a
CPC ..., HO3G 1/0035 (2013.01); HO3F 3/193 saturation mode. Linearity of the low noise amplifier may be
(2013.01); HO3F 2200/294 (2013.01); HOSF determined, at least 1n part, by a transconductance associated
22007451 (2013.01); HO3F 2200/75 (2013.01); with the second MOSFET and a channel resistance associ-
HO4W 84/12 (2013.01)  ated the first MOSFET.
(58) Field of Classification Search

CPC HO3G 1/0035; HO3F 3/193

310
? — 304
306

312

24 Claims, 8 Drawing Sheets

=00
28

314

LNA output

341

340 308

Voiss
LNA input / || ———— 302

/l

316



US 9,887,678 B2
Page 2

(56) References Cited

OTHER PUBLICATIONS

International Search Report and Written Opinion—PCT/US2016/

063060—ISA/EPO—dated Feb. 8, 2017.

Kim BK., et al., “A Highly Linear GHz 1.3 dB NF CMOS
Low-Noise Amplifier With Complementary Transconductance Lin-
earization,” IEEE Journal of Solid-State Circuits, IEEE Service
Center, Piscataway, NJ, USA, vol. 49, No. 6, Jun. 6, 2014 (Jun. 6,
2014), pp. 1286-1382, XP011549323, ISSN: 0018-9200, DOI:
10.1109/JSSC.2014.2319262.

Zhang H., et al., “Linearization Techniques for CMOS Low Noise
Amplifiers: A Tutorial”, IEEE Transactions on Circuits and Systems
I. Regular Papers, IEEE, US, vol. 58, No. 1, Jan. 1, 2011 (Jan. 1,
2011), pp. 22-36, XP011340986,ISSN: 1549-8328, DOI: 10.1109/
TCSI.2010.2055353.



US 9,887,678 B2

Sheet 1 of 8

Feb. 6, 2018

U.S. Patent

UoIeIS 8seg

cCl

l[IPIES

L Ol

OL}

vmwé

.\‘\.4‘..

uonels aseq

19]|0U0D
WaIsAg

vl



U.S. Patent Feb. 6, 2018 Sheet 2 of 8 US 9.887.678 B2

110 e R
4 24ga i 230pa
Receive .
Circuits :
L |
i
............. 'I " :
210 1 230pk
> 240pk 242pk ‘i/ P
Y _ilipl—
— _
| > chunts :
5 | r—————— i 250 D
= | ey | pa ata
> 254pa 252pa .41-/ Processor/
Q Transmit ; Controller
O Circuits :
o 1 N —
C.
254pk 252pk
Transmit
Circuits
______________ 5_2_2_2_____________
40sa 2423a
Recezve ,
Circuits §
..........................................................  E
# . :
212 1 ] oo é ;_12"] """""" .1 230sl
> S :
= 2403l :
v D Receive “;'/
—
> Circuits :
g :ff:."f."I'."f.":ff."f."f:f.'.':.'f.':f."fff:.":.":f.':.':.'::::.":: ; 25083
=+ 254sa 252sa i
o
S Transm:t ‘;/
O CII‘CUItS g
O P
é. """"""""""""""""""""""""""""""""""""""""" ;
*********** ‘:' ' : 250s|

Transmit :
Circuits ;
|




U.S. Patent Feb. 6, 2018 Sheet 3 of 8 US 9.887.678 B2

’/- 300
Vbp
314
310
304
306
LNA output
312
LNA input 302
340 308

FIG. 3



U.S. Patent Feb. 6, 2018 Sheet 4 of 8 US 9.887.678 B2

’/- 400
Vbp
314
406
404 _ 402
306
LNA output
312 Vaias T I CLoaD
i AN
L 341
LNA input —— 302
316
340

308

FIG. 4



U.S. Patent Feb. 6, 2018 Sheet 5 of 8 US 9.887.678 B2

o 500

502
MNMOS
506
Gmnmos™ Remos
504
Rpmos
Vas

FIG. 5



U.S. Patent Feb. 6, 2018 Sheet 6 of 8 US 9.887.678 B2

’/- 600
Vbp Vbp
614
608
Vpias?
612 640
Input 604
signal
606
LNA output
041
VBias3
— 602
610 6816

F1G. 6



U.S. Patent Feb. 6, 2018 Sheet 7 of 8 US 9.887.678 B2

’/- /00
Vbp Vbp
614
608
Vpgias?
612
| 604
LNA input
606
LNA output
704
041
706 — 702

616

FIG. 7



U.S. Patent Feb. 6, 2018 Sheet 8 of 8 US 9.887.678 B2

800
/

802
GMpmos
306
Gmpemos™Rnmos
804
RNMOS
Vas

F1G. 8



US 9,887,678 B2

1
LINEAR LOW NOISE AMPLIFIER

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Patent

Application No. 62/271,143 entitled “LINEAR LOW
NOISE AMPLIFIER” filed Dec. 22, 2015, the entirety of

which 1s incorporated by reference herein.

TECHNICAL FIELD

The exemplary embodiments relate generally to amplifi-
ers, and specifically to linear low noise amplifiers.

BACKGROUND OF RELATED ART

A wireless device (e.g., a cellular phone or a smartphone)
in a wireless communication system may transmit and
receive data for two-way communication. The wireless
device may include a transmitter for data transmission and
a receiver for data reception. For data transmission, the
transmitter may modulate a radio frequency (RF) carrier
signal with data to generate a modulated RF signal, amplily
the modulated RF signal to generate a transmit RF signal
having the proper output power level, and transmit the
transmit RF signal via an antenna to another device such as,
for example, a base station. For data reception, the receiver
may obtain a received RF signal via the antenna and may
amplify and process the received RF signal to recover data
sent by the other device.

Analog signals within the wireless device may undergo
amplification during various processing operations. For
example, an analog signal may be amplified when an RF
signal 1s received from or transmitted to another wireless
device. In some cases, an unwanted signal may also be
amplified. For example, as the received RF signal 1s ampli-
fied, a second si1gnal, that may be a blocker signal or jammer
signal, may also be amplified and may interfere with data
recovery. This interference may be associated with amplifier
linearity. For example, when a strong blocker or jammer
signal 1s processed by an amplifier with relatively low
linearity, then the blocker and/or jammer signal may saturate
the amplifier and the RF signal may not adequately and/or
accurately be amplified. Blocker and jammer signal rejec-
tion may be improved with amplifiers having relatively high
lineanity.

Thus, there 1s a need to improve the amplification of
analog signals by extending the linearity of amplifiers, and
thereby 1mprove the performance of the wireless device.

SUMMARY

This Summary 1s provided to mtroduce 1 a simplified
form a selection of concepts that are further described below
in the Detailed Description. This Summary 1s not intended to
identily key features or essential features of the claimed
subject matter, nor 1s i1t intended to limit the scope of the
claimed subject matter.

Aspects of the disclosure are directed to apparatuses for
extending the linearity of amplifiers. In one example, a low
noise amplifier (LNA) includes a first transistor and a second
transistor. The first transistor may be configured to operate
in a triode mode. The second transistor may be configured to
operate 1n a saturation mode as a common-source amplifier,
and may include a complementary channel with respect to a
channel of the first transistor. The second transistor may

10

15

20

25

30

35

40

45

50

55

60

65

2

include a drain terminal coupled to a drain terminal of the
first transistor. The second transistor also include a gate
terminal configured to form an mnput terminal of the LNA.

In another example, an LNA 1ncludes a means for oper-
ating a {first transistor 1n a triode mode and a means for
operating a second transistor 1n a saturation mode as a
common-source amplifier. The second transistor may
include a complementary channel with respect to a channel
of the first transistor. The means for operating the second
transistor may include a means for forming an output
terminal of the LNA, and a means for forming an input
terminal of the LNA.

In another example, an apparatus 1s disclosed. The appa-
ratus may include a first transistor and a second transistor.
The first transistor may be configured to generate a variable
resistance based, at least in part, on an input signal. The
second transistor may be coupled to the first transistor and
configured to amplily the input signal based, at least in part,
on a transconductance of the second transistor and the
variable resistance of the first transistor. The variable resis-
tance of the first transistor may vary inversely with respect
to the transconductance of the second transistor.

BRIEF DESCRIPTION OF THE

DRAWINGS

The exemplary embodiments are illustrated by way of
example and are not intended to be limited by the figures of
the accompanying drawings. Like numbers reference like
clements throughout the drawings and specification.

FIG. 1 shows a wireless device communicating with a
wireless communication system, in accordance with some
exemplary embodiments.

FIG. 2 shows an exemplary design of a receiver and a
transmitter of FIG. 1.

FIG. 3 1s a circuit diagram of an exemplary embodiment
ol a low noise amplifier.

FIG. 4 1s an equivalent circuit diagram of the low noise
amplifier of FIG. 3.

FIG. 5 1s a graph depicting exemplary R, ,,- and Gm,-
mos curves for the PMOS transistor and the NMOS transis-
tor of FIG. 3.

FIG. 6 1s a circuit diagram of another exemplary embodi-
ment of a low noise amplifier.

FIG. 7 1s an equivalent circuit diagram of the low noise
amplifier of FIG. 6.

FIG. 8 1s a graph depicting exemplary R, and Gm -
amos curves for the NMOS transistor and PMOS transistor of
FIG. 6.

DETAILED DESCRIPTION

The example embodiments are described below 1n the
context of Wi-F1 enabled devices for simplicity only. It 1s to
be understood that the example embodiments are equally
applicable to devices using signals of other various wireless
standards or protocols and/or devices using signals of vari-
ous wired protocols. As used herein, the terms WLAN and
Wi-F1 can include communications governed by the IEEE
802.11 standards, Bluetooth, HlperLAN (a set of wireless
standards, comparable to the IEEE 802.11 standards, used
primarily in Europe), and other technologies having rela-
tively short radio propagation range. Thus, the terms
“WLAN” and “Wi1-F1” may be used interchangeably herein.

In the following description, numerous specific details are
set forth such as examples of specific components, circuits,
and processes to provide a thorough understanding of the
present disclosure. The term “coupled” as used herein means
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coupled directly to or coupled through one or more inter-
vening components or circuits. Also, i the following
description and for purposes of explanation, specific nomen-
clature and/or details are set forth to provide a thorough
understanding of the exemplary embodiments. However, 1t
will be apparent to one skilled 1n the art that these specific
details may not be required to practice the exemplary
embodiments. In other instances, well-known circuits and
devices are shown 1n block diagram form to avoid obscuring
the present disclosure. Any of the signals provided over
various buses described herein may be time-multiplexed
with other signals and provided over one or more common
buses. Additionally, the interconnection between circuit ele-
ments or software blocks may be shown as buses or as single
signal lines. Each of the buses may alternatively be a single
signal line, and each of the single signal lines may alterna-
tively be buses, and a single line or bus might represent any
one or more of a myriad of physical or logical mechanisms
for communication between components. The exemplary
embodiments are not to be construed as limited to specific
examples described herein but rather to include within their
scope all exemplary embodiments defined by the appended
claims.

In addition, the detailed description set forth below in
connection with the appended drawings 1s intended as a
description of exemplary embodiments of the present dis-
closure and 1s not intended to represent the only exemplary
embodiments 1n which the present disclosure may be prac-
ticed. The term “exemplary” used throughout this descrip-
tion means “serving as an example, instance, or illustration,”
and should not necessarily be construed as preferred or
advantageous over other exemplary embodiments.

Further, combinations such as “at least one of A, B, or C,”
“at least one of A, B, and C,” and “at least A or B or C or
a combination thereof” include any combination of A, B,
and/or C, and may include multiples of A, multiples of B, or
multiples of C. Specifically, combinations such as “at least
A or B or C or a combination thereot,” “at least one of A, B,
or C,” “at least one of A, B, and C,” “and “A, B, C, or any
combination thereol” may be A only, B only, C only, A and
B, Aand C, B and C, or A and B and C, where any such
combinations may contain one or more member or members
of A, B, or C.

FIG. 1 shows a wireless device 110 communicating with
a wireless communication system 120, 1n accordance with
some exemplary embodiments. Wireless communication
system 120 may be a 3rd Generation Partnership Program
(3GPP) Long Term Evolution (LTE) system, a Code Divi-
sion Multiple Access (CDMA) system, a Global System for
Mobile Communications (GSM) system, a wireless local

area network (WLAN) system, or some other wireless
system. A CDMA system may implement Wideband CDMA

(WCDMA), CDMA 1x, Evolution-Data Optimized
(EVDO), Time Division Synchronous CDMA (TD-
SCDMA), or some other version of CDMA. For simplicity,
FIG. 1 shows wireless communication system 120 including
two base stations 130 and 132 and one system controller
140. In general, a wireless system may include any number
of base stations and any set of network entities.

Wireless device 110 may also be referred to as user
equipment (UE), a mobile station, a terminal, an access
terminal, a subscriber unit, a station, etc. Wireless device
110 may be a cellular phone, a smartphone, a tablet, a
wireless modem, a personal digital assistant (PDA), a hand-
held device, a laptop computer, a smartbook, a netbook, a
cordless phone, a wireless local loop (WLL) station, a
Bluetooth device, etc. Wireless device 110 may communi-
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4

cate with wireless communication system 120. Wireless
device 110 may also receive signals from broadcast stations
(e.g., a broadcast station 134), signals from satellites (e.g., a
satellite 150) 1n one or more global navigation satellite
systems (GNSS), etc. Wireless device 110 may support one
or more radio technologies for wireless communication such

as LTE, WCDMA, CDMA 1x, EVDO, TD-SCDMA, GSM,
302.11, eftc.

FIG. 2 shows a block diagram of an exemplary design of
wireless device 110 in FIG. 1. In this exemplary design,
wireless device 110 includes a primary transceiver 220
coupled to a primary antenna 210, a secondary transceiver
222 coupled to a secondary antenna 212, and a data proces-
sor/controller 280. Primary transceiver 220 includes a num-

ber (K) of receivers 230pa to 230pk and a number (K) of

transmitters 250pa to 250pk to support multiple frequency
bands, multiple radio technologies, carrier aggregation, etc.
Secondary transceiver 222 includes a number (L) of recerv-
ers 230sa to 230s/ and a number (L) of transmitters 250sa to
250s/ to support multiple frequency bands, multiple radio
technologies, carrier aggregation, receive diversity, mul-
tiple-input multiple-output (MIMO) transmission from mul-
tip“e transmit antennas to multiple receive antennas, etc.

In the exemplary design shown 1n FIG. 2, each receiver
230 (e.g., 230pa-230pk and 230sa-230s/) includes a low

noise amplifier (LNA) 240 (e.g., 240pa-240pk and 240sa-
240s/) and receive circuits 242 (e.g., 242pa-242pk and
242s5a-242sl). For data reception, primary antenna 210
receives signals from base stations and/or other transmitter
stations and provides a recerved radio frequency (RF) signal,
which 1s routed through an antenna interface circuit 224 and
presented as an mput RF signal to a selected receiver.
Antenna interface circuit 224 may include switches, duplex-
ers, transmit filters, receive filters, matching circuits, etc.
The description below assumes that receiver 230pa 1s the
selected recerver. Within receiver 230pa, an LNA 240pa
amplifies the mput RF signal and provides an output RF
signal. Receive circuits 242pa downconvert the output RF
signal from RF to baseband, amplity and filter the down-
converted signal, and provide an analog input signal to data
processor/controller 280. Receive circuits 242pa may
include mixers, filters, amplifiers, matching circuits, an
oscillator, a local oscillator (LO) generator, a phase locked
loop (PLL), etc. Each remaining receirver 230 in primary
transceiver 220 (e.g., 230pk) may operate i a similar
manner as recerver 230pa. The recervers 230 1n transcerver
222 (e.g., 2305a-230s/) may operate 1n a similar manner as
receiver 230pa.

In the exemplary design shown in FI1G. 2, each transmitter
250 (e.g., 250pa-250pk and 250sa-250s/) includes transmit
circuits 252 (e.g., 252pa-252pk and 252sa-252s/) and a
power amplifier (PA) 254 (e.g., 254pa-254pk and 254sa-
254s]). For data transmission, data processor/controller 280
processes (€.g., encodes and modulates) data to be transmit-
ted and provides an analog output signal to a selected
transmitter. The description below assumes that transmitter
250pa 1s the selected transmitter. Within transmitter 250pa,
transmit circuits 252pa amplily, filter, and upconvert the
analog output signal from baseband to RF and provide a
modulated RF signal. Transmit circuits 252pa may include
amplifiers, filters, mixers, matching circuits, an oscillator, an
L.O generator, a PLL, etc. A PA 254pa receives and amplifies
the modulated RF signal and provides a transmit RF signal
having the proper output power level. The transmit RF
signal 1s routed through antenna interface circuit 224 and

transmitted via primary antenna 210. Each remaining trans-
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mitter 250 in transceivers 220 and 222 may operate in
similar manner as transmitter 250pa.

Each receiver 230 and transmitter 250 may also include
other circuits not shown 1n FIG. 2, such as filters, matching
circuits, etc. All or a portion of transcervers 220 and 222 may
be implemented on one or more analog integrated circuits
(ICs), RF ICs (RFICs), mixed-signal ICs, etc. For example,
[LNAs 240 and receive circuits 242 within transceivers 220
and 222 may be implemented on multiple IC chips, as
described below. The circuits 1n transceivers 220 and 222
may also be implemented 1n other manners.

Data processor/controller 280 may perform various func-
tions for wireless device 110. For example, data processor/
controller 280 may perform processing for data being
received via receivers 230 and data being transmitted via
transmitters 250. Data processor/controller 280 may control
the operation of the various circuits within transceivers 220
and 222. A memory 282 may store program codes and data
for data processor/controller 280. Data processor/controller
280 may be implemented on one or more application spe-
cific integrated circuits (ASICs) and/or other ICs.

FIG. 3 1s a circuit diagram of an exemplary embodiment
of a low noise amplifier (LNA) 300. LNA 300 may be
another exemplary embodiment of LNA 240p and/or LNA
240s of FIG. 2. In other exemplary embodiments, LNA 300
may be included within PA 254p, PA 254s, or any other
technically feasible circuits within wireless device 110.
LNA 300 may include an NMOS ftransistor 302, a PMOS
transistor 304, a first capacitor 306, a second capacitor 308,
a first resistor 310, a second resistor 312, a first inductor 314,
and a second inductor 316.

Input signals to LNA 300 may be received at node 340
(e.g., node 340 may be an mput terminal for LNA 300). A
first terminal of second resistor 312, a first terminal of first
capacitor 306, a first terminal of second capacitor 308, and
a gate terminal of NMOS transistor 302 may also be coupled
to node 340. A second terminal of second resistor 312 may
be coupled to a bias voltage V5, ,.. In some exemplary
embodiments, second resistor 312 may have, for example, a
value of 10,000 ohms (for other embodiments, second
resistor 312 may have other suitable resistances). Second
resistor 312 and bias voltage V... may bias NMOS tran-
sistor 302 to operate 1n a saturation mode. A source terminal
of NMOS transistor 302 may be coupled to ground though
second inductor 316. In some exemplary embodiments,
when NMOS transistor 302 operates 1n the saturation mode,
second 1nductor 316 may operate as a degeneration inductor
to 1ncrease, at least 1n part, the linearity of LNA 300.

A second terminal of first capacitor 306 may be coupled
to a gate terminal of PMOS transistor 304. In some exem-
plary embodiments, first capacitor 306 may have a value of,
for example, 1 pF and may couple input signals to the gate
terminal of PMOS transistor 304 (e.g., by AC coupling input
signals from the gate terminal of NMOS transistor 302 to the
gate terminal of PMOS transistor 304). For other embodi-
ments, first capacitor 306 may have other suitable capaci-
tances. The gate terminal of PMOS transistor 304 may also
be coupled to ground through first resistor 310. In some
exemplary embodiments, first resistor 310 may have a value
of, Tor example, 10,000 ohms (for other embodiments, first
resistor 310 may have other suitable resistances). First
resistor 310 may bias, at least in part, PMOS transistor 304
to operate 1n a triode or deep triode mode. A source terminal
of PMOS ftransistor 304 may be coupled to a power supply
(V,5p) through first inductor 314. In some exemplary
embodiments, the power supply may be, for example, 2.5
volts. First inductor 314 may allow output signals from LNA
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6

300 to exceed, at least temporarily, the power supply volt-
age. Power supply voltages, resistive values, and capacitive
values are provided to demonstrate the operation and advan-
tages of the embodiments, and are not meant to limit the
scope of the claims. A drain terminal of PMOS transistor 304
may be coupled to a drain terminal of NMOS transistor 302
at node 341. Node 341 may also be an output terminal of
LNA 300.

In some exemplary embodiments, when PMOS transistor
304 operates 1n the deep triode mode, PMOS transistor 304
may operate as a variable resistor having a resistance deter-
mined, at least in part, by a gate voltage of PMOS transistor
304. As described above, NMOS transistor 302 and PMOS
transistor 304 may be complementary transistors (e.g., metal
oxide semiconductor field eflect transistors (MOSFETSs)
with complementary channels). In some embodiments, a
gain of LNA 300 may be determined, at least 1in part, by a
transconductance provided by NMOS transistor 302 oper-
ating 1n the saturation mode and the equivalent resistance
provided by PMOS transistor 304 operating in the deep
triode mode. The gain of LNA 300 1s described in more
detail below 1n conjunction with FIG. 4.

FIG. 4 1s an equvalent circuit diagram 400 of the LNA
300 of FIG. 3. In the equivalent circuit diagram 400, PMOS
transistor 304 1s replaced with electrical components that
describe PMOS transistor 304 operating in the deep triode
mode. Deep triode mode operation conditions for a transis-
tor may be characterized by a drain-to-source voltage V ,, <<
(2V s~threshold voltage V ;). For a PMOS transistor, such
as PMOS ftransistor 304, deep triode mode operation con-
ditions may be characterized by |V e 21,06 <<I2V o prs05—
V o parosl . In some exemplary embodiments, the circuit
equivalent of PMOS ftransistor 304 may be modeled with a
first variable resistor 402, a first parasitic capacitor 404, and
a second parasitic capacitor 406. Thus, NMOS transistor
302, first inductor 314, second inductor 316, first capacitor
306, node 340, node 341, second capacitor 308, and second
resistor 312 may be similarly configured as described above
with respect to FIG. 3.

As described above with respect to FIG. 3, when a
transistor operates 1n the deep triode mode, operation of the
transistor may be modeled by a variable resistor. The vari-
able resistor may be controlled, at least 1n part, by a gate
voltage of the transistor. In addition to first variable resistor
402, the transistor model may include one or more parasitic
capacitors (e.g., first parasitic capacitor 404 and second
parasitic capacitor 406) to represent parasitic capacitors
associated with source and drain terminals of the transistor.

In some exemplary embodiments, NMOS ftransistor 302
may be configured to operate as a common-source amplifier
when biased to operate in the saturation mode. Those skilled
in the art will appreciate that the gain of an NMOS transistor
(and therefore the gain of the common-source amplifier
and/or LNA 300) may be determined by a transconductance
QMoo associated with the NMOS transistor 302, and a
resistive load at the drain terminal of the NMOS transistor
(R5.avis09). In some exemplary embodiments, a gain of
NMOS transistor 302 may be expressed by equation 1,
below:

(eq. 1)

Where: Gm o< 18 the transconductance of NMOS transis-
tor 302; and
R aas0s 18 the resistance at the drain terminal of NMOS
transistor 302.
Thus, the (Gman "R 5 vr0s) term may be referred to as a
gain (e.g., transfer function) of the LNA 300.

Vour= Vi Gmaaios ™ Rp naros)
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Transconductance 1s a ratio of a change in current with
respect to a change 1n voltage responsible for the change in

current. The transconductance Gm,;, o 0f NMOS transistor
302 in saturation may be expressed by equation 2, below:

Ginaros—(CONST a9 (Vasvaros—V renaros) (eq. 2)

Where: CONST ., ,,< 15 a constant associated with NMOS
transistor 302 (e.g., a constant value associated with physi-
cal characteristics of NMOS transistor 302, such as channel
width, channel length, and oxide capacitance (Cox));

V o rmuros 18 @ voltage difference between gate and source

terminals of NMOS transistor 302; and
V e asos 18 the threshold voltage of NMOS transistor
302.

In the equivalent circuit diagram 400, the resistance
R 5 asos 18 provided by first variable resistor 402 and first
inductor 314. For certain values of inductance provided by
first inductor 314 (e.g., impedance values based, at least 1n
part, on the inductance of the first inductor 314), the resis-
tance R ,_rns0< may be dominated by the resistance value of
first variable resistor 402. In other words, the resistance
value of a vanable resistance provided by PMOS transistor
304 may be substantially larger than the impedance of the
first inductor 314. For a PMOS transistor operating in the
deep triode mode, equivalent resistance of the PMOS tran-
sistor (PMOS channel resistance R) may be approximated
by equation 3, below:

- 1 (eq. 3)
" \Vas—puos — Vra—puos|(CONSTpyos)

Where: V o« pr/0oc 18 a voltage difference between gate and
source terminals of the PMOS transistor:;

V  saros 18 @ threshold voltage of the PMOS transistor

304: and

CONST ., ,»c 15 a constant associated with the PMOS

transistor 304 (e.g., a constant value associated with

physical characteristics of PMOS transistor 304 such as

channel width, channel length, and oxide capacitance

(Cox)).
Thus, the resistance value of first variable resistor 402 may
be approximated as a function of V oc »1,0% Y 757 pasos. and
CONST ,,,¢ Note that for typical PMOS transistors, VGS
and VTH are often negative numbers (<0 volts); however,
the absolute value function in the denominator of equation
3 may accommodate the negative values.

As described above, the resistance of first variable resistor
402 may be mversely proportional to the gate voltage of
PMOS ftransistor 304 (see equation 3). For example, as the
gate voltage of PMOS transistor 304 increases, then the
resistance of first variable resistor 402 may decrease. In a
similar manner, as the gate voltage of PMOS transistor 304
decreases, then the resistance of the first variable resistor
402 may increase. The transconductance Gm,,,,. may be
directly proportional to the gate voltage of NMOS transistor
302 (see equation 2). For example, as the gate voltage of
NMOS transistor 302 increases, then the transconductance
GMaa,oe May increase. In a similar manner, as the gate
voltage of NMOS transistor 302 decreases, then the
transconductance Gm,;, - may decrease. Note, as described
above with respect to FIG. 3, input signals are coupled both
to the gate of NMOS transistor 302 and the gate of PMOS
transistor 304 through first capacitor 306. Thus, as LNA
input signals increase (1n magnitude) then the transconduc-
tance Gman, ., Mmay increase and the resistance R /00
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may decrease. Furthermore, as LNA 1nput signals decrease,
then the transconductance Gm,, ., may decrease and the
resistance R, .0 may decrease.

In some embodiments, overall gain of LNA 300 may be
made linear or substantially linear by controlling the
transconductance Gmy, < and the resistance R ,,_ 1 ,0¢ (€.£.,
the equivalent channel resistance of PMOS transistor 304)
such that the transconductance Gm,,, .. 15 1nversely related
to the resistance R, .1 ,5¢ In other words, the gain of LNA
300 may be made linear when the transconductance Gm,-
mos 1s made to vary mversely with respect to resistance
Ry aaros Since V. of NMOS transistor 302 may be

described as a product of the transconductance Gm ,, .~ and
the resistance R, r»,0c (s€e equation 1), the output of
NMOS transistor 302 (and therefore the overall gain of LNA
300) may be substantially linear when the transconductance
Gma,,oe varies mversely with respect to the resistance
R ras0s Persons having skill in the art will recognize that
a device (e.g., LNA 300) may have a linear or substantially
linear output when the output or gain of the device may be
expressed by a polynomial function with a degree of zero
(e.g., a constant) or one (e.g., a function of an independent
variable raised to the first power).

In some embodiments, CONST ., and CONST ., /<
may be controlled by setting physical parameters (e.g.,
channel width, channel length, Cox etc.) of NMOS transistor
302 and/or PMOS transistor 304 to cause the transconduc-
tance Gm,,,,c t0 have an inverse relationship to the resis-
tance R, a0 Thus, the linearity of LNA 300 may be
determined, at least in part, by characteristics of NMOS
transistor 302 and/or PMOS transistor 304. Linearity of
LNA 300 1s described 1n more detail below 1n conjunction
with FIG. 5.

In some exemplary embodiments, the mput impedance
(Z,,) of LNA 300 may be determined, at least 1in part, by the
transconductance Gmy,,He, second capacitor 308, and a
load capacitance C, , , . Load capacitance C, , ,,, may be a
capacitive load as seen from node 341 of LNA 300. In some
exemplary embodiments, the imput impedance of LNA 300
may be expressed by equation 4, shown below:

| C308 + Croap
GmNMOS~— (308

4
7 o (eq. 4)

Where: Gm,,, < 15 the transconductance of NMOS transis-
tor 302;

C308 1s the capacitance value of second capacitor 308;

and

C; o4n 18 the capacitance value as seen from node 341.
Thus, for some exemplary embodiments, the mput imped-
ance 7., may be controlled, at least in part, by selecting
values for second capacitor 308.

FIG. 5 1s a graph 500 depicting exemplary R, < and
QM ,ns Curves for PMOS transistor 304 and NMOS tran-
sistor 302, respectively. R;, < curve 304 may illustrate
resistance values of first variable resistor 402 as determined
by changes to the gate-to-source voltage V -« 51 ,0< 01 PMOS
transistor 304.

In a stmilar manner, Gm,,,,. curve 502 may 1illustrate
conductance values of the transconductance Gm,, /< aSSO-
ciated with changes to the gate-to-source voltage V < aasos
of NMOS ftransistor 302. When R,,,,. curve 504 and
GMa, o curve 302 have an inverse characteristic with
respect to each other, then a substantially linear gain for
LNA 300 (as expressed by equation 1) may be obtained as
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illustrated with Gm, <" Rz 05 Curve 506. In other words,
the product of Gm,,, "Rz, may be substantially linear,
with respect to a gate voltage. Thus, the gain for LNA 300
may be substantially linear.

In some exemplary embodiments, linearity of an amplifier
may be characterized by an “IIP3” value. Those skilled in
the art will recognize that IIP3 refers to a Third Order
Intercept Point. The IIP3 may be operating point of an
amplifier when power in the third-order product of the
amplified signal and the fundamental tone of the amplified
signal intersect. In some exemplary embodiments, I1IP3 of
LNA 300 may be greater than, for example, 15 dBm, and 1n
some 1nstances greater than or equal to, for example, 24
dBm. The IIP3 ranges are provided to demonstrate the
operation and advantages of the embodiments and are not
meant to limit the scope of the claims.

In other embodiments, an LNA may include an NMOS
transistor configured to operate 1n the deep triode mode and
a PMOS transistor configured to operate in the saturation
mode. The gain of such a configuration may be determined,
at least 1n part, by a transconductance provided by the
PMOS ftransistor and an equivalent resistance provided the
NMOS ftransistor. An exemplary LNA 1s described below in
conjunction with FIGS. 6-8.

FIG. 6 1s a circuit diagram of another exemplary embodi-
ment of an LNA 600. LNA 600 may be another embodiment
of LNA 300 of FIG. 3. LNA 600 may include an NMOS
transistor 602, a PMOS transistor 604, a third capacitor 606,
a fourth capacitor 608, a third resistor 610, a fourth resistor
612, a third inductor 614, and a fourth inductor 616.

Input signals to LNA 600 may be received at node 640
(e.g., node 640 may be an mnput terminal for LNA 600). A
first terminal of fourth resistor 612, a first terminal of third
capacitor 606, a first terminal of fourth capacitor 608, and a
gate terminal of PMOS transistor 604 may also be coupled
to node 640. A second terminal of fourth resistor 612 may be
coupled to a bias voltage V5, ,.,. Fourth resistor 612 and
bias voltage V 5, , ., may bias PMOS transistor 604 to operate
in the saturation mode. A source terminal of PMOS transis-
tor 604 may be coupled to V,, though third inductor 614.
In some exemplary embodiments, when PMOS ftransistor
604 operates 1n the saturation mode, third inductor 614 may
operate as a degeneration inductor to increase, at least 1n
part, the linearity of LNA 600.

A second terminal of third capacitor 606 may be coupled
to a gate terminal of NMOS transistor 602. In some exem-
plary embodiments, third capacitor 606 may couple input
signals to the gate terminal of NMOS transistor 602 (e.g., by
AC coupling input signals from the gate terminal of PMOS
transistor 604 to the gate terminal of NMOS transistor 602).
The gate terminal of NMOS ftransistor 602 may also be
coupled to bias voltage V5, ., through third resistor 610.
Third resistor 610 may bias, at least 1n part, NMOS transistor
602 to operate 1 a deep triode mode. A source terminal of
NMOS ftransistor 602 may be coupled to ground through
fourth inductor 616. A drain terminal of PMOS transistor
604 may be coupled to a drain terminal of NMOS transistor
602 at node 641. Node 641 may also be an output terminal
of LNA 600.

In some exemplary embodiments, when NMOS transistor
602 operates 1n the deep triode mode, NMOS transistor 602
may operate as a variable resistor having a resistance deter-
mined, at least 1n part, by a gate voltage of NMOS transistor
602. In some embodiments, a gain of LNA 600 may be
determined, at least 1n part, by a transconductance provided
by PMOS transistor 604 operating in the saturation mode
and the equivalent resistance provided by NMOS transistor
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602 operating 1n the deep triode mode. The gain of LNA 600
1s described 1n more detail below 1n conjunction with FIG.
7.

FIG. 7 1s an equivalent circuit diagram 700 of the LNA
600 of FIG. 6. In the equivalent circuit diagram 700, NMOS
transistor 602 1s replaced with electrical components that
describe NMOS transistor 602 operating 1n the deep triode
mode. For an NMOS transistor, such as NMOS transistor
602, deep triode mode operation conditions may be charac-
terized by (Vps.avaros)<<(2V gs.varos—Y rm-aaros)- In some
exemplary embodiments, the circuit equivalent of NMOS
transistor 602 may be modeled with a second variable
resistor 702, a third parasitic capacitor 704, and a fourth
parasitic capacitor 706. Thus, PMOS transistor 604, third
inductor 614, fourth inductor 616, third capacitor 606, node
640 (as shown 1n FIG. 6), node 641, fourth capacitor 608,
and fourth resistor 612 may be similarly configured as
described above with respect to FIG. 6.

Similar to the LNA 300, output of LNA 600 may be

described as a function of a transconductance Gmp, o O
the PMOS transistor 604 and a resistance at the drain

terminal of the PMOS transistor 604 as shown by equation
5, below:

(eq. 5)

Where: Gm », . < 1s the transconductance of PMOS transistor
604; and
R, 510 18 the resistance at the drain terminal of PMOS
transistor 604.
The transconductance Gm », ;- 0 PMOS transistor 604 1in
the saturation mode may be expressed by equation 6, below:

Vour=ViGMpuos *Rp_paros)

(eq. ©)

Where: The value CONST 5, /<15 a constant associated with
PMOS transistor 604;

V z< misos 18 @ voltage difference between gate and source

terminals of PMOS transistor 604; and

V o rasos 18 the threshold voltage of PMOS transistor

604.
Note that for typical PMOS ftransistors, VGS and VTH are
often negative numbers (<0 volts); however, the absolute
value function 1n equation 6 may accommodate the negative
values.

In the equivalent circuit diagram 700, the resistance
R, pis0s 18 provided by second variable resistor 702 and
fourth inductor 616. For certain values of inductance pro-
vided by fourth inductor 616, the resistance R ,_»,,,c may be
dominated by the resistance value of second variable resistor
702. In other words, the resistance value of the variable
resistance provided by NMOS transistor 602 may be sub-
stantially larger than the impedance of the fourth inductor
616. For an NMOS ftransistor operating 1n the deep triode
mode, equivalent resistance of the NMOS transistor (NMOS
channel resistance R) may be approximated by equation 7,
below:

GmPMGS: (C ONS TPMGS) | VGS—PMGS_ VIH—PMGS|

o 1 (eq. 7)
" \Vas—wmos — Vra—wmos| (CONSTyuos)

Where: V - rs09 18 @ voltage difference between gate and
source terminals of the NMOS transistor:;
V 2 asos 18 a threshold voltage of the NMOS transistor;
and
CONST /0 15 a constant associated with the NMOS
transistor.
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Note that equations 1-7 described above may be approxi-
mations used to explain operations of one or more embodi-
ments described herein and are not meant to limait the scope
of the claims.

As described above, the resistance of second variable
resistor 702 may be inversely proportional to the gate
voltage of NMOS ftransistor 602 (see equation 7). For
example, as the gate voltage of NMOS ftransistor 602
increases, then the resistance of second variable resistor 702
may decrease. In a similar manner, as the gate voltage of
NMOS transistor 602 decreases, then the resistance of the
second variable resistor 702 may increase. The transconduc-
tance Gmj,,,- may be directly proportional to the gate
voltage of PMOS transistor 604 (see equation 6). For
example, as the gate voltage of PMOS ftransistor 604
increases, then the transconductance Gm, ,,. may increase.
In a similar manner, as the gate voltage of PMOS transistor
604 decreases, then the transconductance Gmgy,,,. may
decrease. Note, as described above, input signals are coupled
both to the gate of PMOS transistor 604 and the gate of
NMOS transistor 602 through third capacitor 606. Thus, as
LNA 1nput signals increase (in magmtude) then the
transconductance Gm,, ., may increase and the resistance
R, prs0c may decrease. Furthermore, as LNA 1nput signals
decrease, then the transconductance Gm,,,- may decrease
and the resistance R ,,_»,,- may decrease.

In some embodiments, overall gain of LNA 600 may be
made linear by controlling the transconductance Gm,, .
and the resistance R, ..o (€.g2., the equivalent channel
resistance of NMOS transistor 602) such that the transcon-
ductance Gm,, s 1s substantially an mverse of the resis-
tance R »1,0¢ Since V_  of PMOS transistor 604 may be
described as a product of the transconductance Gm, ,, and

the resistance R, »,,,¢ (s€€ equation J), then the output of
PMOS transistor 604 and therefore overall gain of LNA 600

may be substantially linear when the transconductance Gm -
mos 1s substantially the inverse of the resistance R, 55,0

FIG. 8 1s a graph 800 depicting exemplary R, ,,o and
GMp, e curves for NMOS transistor 602 and PMOS tran-
sistor 604 of FIG. 6, respectively. R, . curve 804 may
1llustrate resistance values of second variable resistor 702 as
determined by changes to the gate-to-source voltage V ...
~varos of NMOS transistor 602. In a similar manner, Gm ,, /<
curve 802 may 1llustrate conductance values of the transcon-
ductance Gm,,,< associated with changes to the gate-to-
source voltage V s proc 0 PMOS transistor 604. When
R s0c curve 804 and Gm,, . curve 802 have an inverse
characteristic with respect to each other, then a substantially
linear gain for LNA 600 may be obtained as illustrated with
GMpy 0" Rasos curve 806. In other words, the product of
GMpy 0 Raos may  be substantially linear (e.g.,
GMp, 0 Rasos may be a substantially linear function),
with respect to a gate voltage. Thus, the gain for LNA 600
may be substantially linear.

The various illustrative logical blocks, modules, and
circuits described 1n connection with the exemplary embodi-
ments disclosed herein may be implemented or performed
with a general purpose processor, a Digital Signal Processor
(DSP), an Application Specific Integrated Circuit (ASIC), a
Field Programmable Gate Array (FPGA) or other program-
mable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed
to perform the functions described herein. A general purpose
processor may be a microprocessor, but in the alternative,
the processor may be any conventional processor, controller,
microcontroller, or state machine. A processor may also be

implemented as a combination of computing devices, e.g., a
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combination of a DSP and a microprocessor, a plurality of
MICroprocessors, one Or more miCroprocessors 11 Conjunc-
tion with a DSP core, or any other such configuration.

In one or more exemplary embodiments, the functions
described may be implemented 1n hardware, software, firm-
ware, or any combination thereof. If implemented 1n soft-
ware, the functions may be stored on or transmitted over as
one or more 1nstructions or code on a computer-readable
medium. Computer-readable media includes both computer
storage media and communication media including any
medium that facilitates transfer ol a computer program from
one place to another. A storage media may be any available
media that can be accessed by a computer. By way of
example, and not limitation, such computer-readable media
can comprise RAM, ROM, EEPROM, CD-ROM or other
optical disk storage, magnetic disk storage or other magnetic
storage devices, or any other medium that can be used to
carry or store desired program code in the form of instruc-
tions or data structures and that can be accessed by a
computer. Also, any connection 1s properly termed a com-
puter-readable medium. For example, 1f the software 1s
transmitted from a website, server, or other remote source
using a coaxial cable, fiber optic cable, twisted pair, digital
subscriber line (DSL), or wireless technologies such as
infrared, radio, and microwave, then the coaxial cable, fiber
optic cable, twisted pair, DSL, or wireless technologies such
as infrared, radio, and microwave are included 1n the defi-
nition of medium. Disk and disc, as used herein, includes
compact disc (CD), laser disc, optical disc, digital versatile
disc (DVD), floppy disk, and blu-ray disc where disks
usually reproduce data magnetically, while discs reproduce
data optically with lasers. Combinations of the above should
also be included within the scope of computer-readable
media.

In the foregoing specification, the exemplary embodi-
ments have been described with reference to specific exem-
plary embodiments thereof. It will, however, be evident that
vartous modifications and changes may be made thereto
without departing from the broader scope of the disclosure
as set forth in the appended claims. The specification and
drawings are, accordingly, to be regarded in an 1illustrative
sense rather than a restrictive sense.

What 1s claimed 1s:

1. A low noise amplifier (LNA) comprising;

a {irst transistor configured to operate in a triode mode;

and

a second transistor configured to operate 1n a saturation

mode as a common-source amplifier, the second tran-

sistor including a complementary channel with respect
to a channel of the first transistor, the second transistor
comprising:

a drain terminal coupled to a drain terminal of the first
transistor and configured to form an output terminal
of the LNA; and

a gate terminal configured to form an 1nput terminal of
the LNA, wherein a transconductance of the second
transistor decreases when an LNA input signal
increases and increases when the LNA 1nput signal
decreases.

2. The LNA of claam 1, wherein the first transistor i1s
coniigured to provide a resistive load to the drain terminal of
the second transistor.

3. The LNA of claim 2, wherein the resistive load is
configured to increase as the LNA 1nput signal increases and
to decrease as the LNA mput signal decreases.

4. The LNA of claim 2, wherein the resistive load 1s a
voltage controlled resistance.
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5. The LNA of claim 1, wherein a gain of the LNA 1s
based, at least in part, on a channel resistance of the first

transistor and the transconductance of the second transistor.
6. The LNA of claim 1, wherein a gain of the LNA 1s

based, at least in part, on a polynomial function of the LNA
input signal with a degree of one.

7. The LNA of claam 1, further comprising a capacitor
coupled between the gate terminal of the second transistor
and a gate terminal of the first transistor.

8. The LNA of claim 1, further comprising a first inductor
coupled between a source terminal of the first transistor and
a supply voltage.

9. The LNA of claim 8, wherein the first inductor 1s
configured to generate an LNA output voltage greater than
the supply voltage.

10. The LNA of claim 1, further comprising a second
inductor coupled between a source terminal of the second
transistor and ground.

11. The LNA of claim 1, further comprising a first resistor
configured to bias the first transistor to operate in the triode
mode.

12. The LNA of claim 1, further comprising a second
resistor configured to bias the second transistor to operate in
the saturation mode.

13. The LNA of claim 1, wherein the first transistor 1s a
PMOS transistor and the second transistor 1s an NMOS
transistor.

14. The LNA of claim 1, wherein the first transistor 1s an
NMOS transistor and the second transistor 15 a PMOS
transistor.

15. The LNA of claim 1, wherein the first transistor 1s
configured to operate in a deep triode mode.

16. A low noise amplifier (LNA) comprising:

means for operating a first transistor 1n a triode mode; and

means for operating a second transistor 1n a saturation

mode as a common-source amplifier, the second tran-
sistor including a complementary channel with respect
to a channel of the first transistor, wherein the means
for operating the second transistor 1s configured to:
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couple a drain terminal of the second transistor to a drain
terminal of the first transistor and form an output

terminal of the LNA; and
form an input terminal of the LNA, wherein a transcon-

ductance of the second transistor decreases when an
LNA mput signal increases and increases when the
LNA mput signal decreases.

17. The LNA of claim 16, further comprising;:

means for providing a resistive load for the second

transistor.

18. The LNA of claim 17, wherein the resistive load 1s
configured to increase as the LNA nput signal increases and
to decrease as the LNA imput signal decreases.

19. The LNA of claim 17, further comprising;:

means for generating a voltage controlled resistive load.

20. The LNA of claim 16, wherein a gain of the LNA 1s
based, at least 1n part, on a polynomial function of the LNA
input signal with a degree of one.

21. The LNA of claim 16, further comprising:

means for coupling the first transistor to a supply voltage.

22. An apparatus comprising:

a first transistor configured to generate a variable resis-

tance based, at least 1n part, on an nput signal; and

a second transistor, coupled to the first transistor, config-

ured to amplity the mput signal based, at least 1n part,
on a transconductance of the second transistor and the
variable resistance of the first transistor, wherein the
variable resistance of the first transistor varies imversely
with respect to the transconductance of the second
transistor and the transconductance of the second tran-
sistor decreases as the input signal increases and
increases as the mput signal decreases.

23. The apparatus of claim 22, wherein the variable
resistance 1s configured to increase as the input signal
increases and to decrease as the mput signal decreases.

24. The apparatus of claim 22, wherein a gain of the
second transistor 1s based, at least 1n part, on a polynomial
function of the mput signal with a degree of one.
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